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We report an hard x-ray photoelectron spectroscopy method combining high excitation energy
(15 keV) and improved modelling of the core-level energy loss features. It provides depth
distribution of deeply buried layers with very high sensitivity. We show that a conventional
approach relying on intensities of the core-level peaks is unreliable due to intense plasmon losses.
We reliably determine the depth distribution of 1 ML La in a high-j/metal gate stack capped with
50 nm a-Si. The method extends the sensitivity of photoelectron spectroscopy to depths beyond
50 nm.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864488]
With the advent of nanoscience and the corresponding
ever increasing demand from nanotechnology for optimized
materials, it has become of utmost importance to probe ele-
mental depth distribution at the nanometer scale in a non-
destructive manner. X-ray Photoelectron Spectroscopy
(XPS) techniques, either by controlling the electron emission
angle, so-called Angle-Resolved X-ray Photoelectron
Spectroscopy (ARXPS),1,2 or by changing photon energy3 or
utilizing inelastic loss features,4 have proven to be very effi-
cient in this respect. However, the probing depth, governed
by the effective attenuation length (EAL, which corrects for
elastic scattering the photoelectron inelastic mean-free path
(IMFP) k, (Ref. 5)), is limited to 5 nm for ARXPS or
10 nm for inelastic loss analysis. This does not enable to
probe deeply buried layers, encountered in many situations.
In the device materials field for instance, a thick (>30 nm)
electrode covers the active buried layers of interest. Usually,
destructive and invasive methods, either by ion sputtering of
the overlayer or by back-side etching of the substrate are
necessary for analyzing the deeply buried layers. These
methods are difficult to control properly and time consum-
ing, with a damaged region potentially affecting the interface
chemistry. There is, therefore, a pressing need to go beyond
the limits of XPS with alternative methods providing a better
reliability in the analysis of deeply buried interfaces. Hard
X-ray Photoelectron Spectroscopy (HAXPES) has in recent
years enabled a huge step forward concerning the bulk sensi-
tivity of XPS6 because k and, in particular, the EAL
increases with kinetic energy.7 This extends the accessible
information depth of 5 nm for classical XPS to >30 nm
and thus, allows non-destructive analysis of deeply buried
interfaces.7,8 However, very few core-level HAXPES meas-
urements providing high bulk sensitivity were published so
far (i.e., at photoelectron kinetic energies of 10 keV and
above3). Besides this, deriving accurate quantitative informa-
tion regarding the in-depth distribution from the core level
intensities alone remains highly unreliable, as shown previ-
ously in XPS.9 Additional difficulties are to be considered
regarding quantification in HAXPES: First, the highly inho-
mogeneous character of samples consisting of layers with
different thicknesses, densities, and various elements; sec-
ond, some key physical quantities such as the IMFP and the
photoionization cross-section r are not known accurately
enough yet10,11 or even lacking for a number of elements.
Mixing of these factors makes unreliable the analysis of the
peak intensity to obtain depth distribution, either by variation
of photon energy or ARXPS. Here, we combine HAXPES
performed at photon energies >12 keV with quantitative
analysis of the energy loss peak shape following Tougaard’s
formalism(inelastic background analysis).12 Thanks to an
optimized inelastic scattering cross-section (a key parameter
in the spectrum modelling for removing reliably the extrinsic
contributions to the energy losses), we determine the depth
distribution of a1 ML-thick, 50 nm-deep buried La layer
in agreement with Transmission Electron Microscopy
(TEM).13
The samples considered here are high-j/metal gate
stacks prepared in a gate-first integration process on 300mm
Si(100) wafers and having the overall structure detailed in
Fig. 1. We studied two samples differing only by the thick-
ness of the amorphous Si (a-Si) top gate being 30 nm-thick
in one case (30 nm-sample) and 50 nm in the other case
(50 nm-sample). The samples underwent neither activation
annealing nor sputtering prior to analysis, so the layered
structure of Fig. 1 corresponds to the nominal thicknesses
expected, with a burying depth of the 1 ML LaOx layer of
36.5 and 56.5 nm, respectively, for the 30 nm- and
50 nm-samples. Both Auger depth profiling and TEM show
that this is in overall the case.13 We focus on the depth distri-
bution of the ML-thick, deeply buried LaOx layer to demon-
strate the high probing depth and sensitivity accessible by
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the HAXPES method presented here. HAXPES experiments
were performed at the ID32 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France)14
using 15 keV photons and a SPECS PHOIBOS 225 spec-
trometer fitted with entrance optics enabling the analysis of
high kinetic energy photoelectrons (<15 keV). Unlike tradi-
tional core-level HAXPES for chemical state analysis, high
energy resolution is not required to perform background
analysis;9 Therefore the survey spectra were acquired by
optimizing signal intensity and relaxing the overall energy
resolution to some eV, also enabling to reduce data acquisi-
tion time and avoid potential beam damage. First, maximum
bulk sensitivity was achieved by an impinging angle of the
incident photons of 10 and a photoelectron emission angle
of 80. Second, the overall energy resolution was relaxed
with a moderate beam energy resolution (2.5 eV) provided
by the Si(111) main monochromator and also by the choice
of the largest entrance slit on the spectrometer. This experi-
mental setup led to the overall energy resolution of 4.7 eV.
Fig. 1 presents the HAXPES survey spectra of the sam-
ples in the spectral regions of the K subshell of Ti (Ti1s line)
and of the L subshells of La and Hf (2s and 2p3/2, 1/2 lines).
All elements of interest deeply buried underneath the a-Si
overlayer, including La of the ultra-thin LaOx layer, are
detected by their characteristic photoelectron emissions. In
particular, the case of the LaOx deeply buried below the sur-
face in the 50 nm-sample demonstrates the extreme depth
sensitivity of HAXPES performed here. The issue is now to
retrieve the in-depth distribution of this element. In all cases,
the no-loss peak is followed to lower kinetic energies by ex-
trinsic energy loss features of inelastically scattered elec-
trons. This can be seen in the inset of Fig. 1, where the La
2p3/2 core-level spectrum is plotted along with its energy
loss structure. The La 2p3/2 core level peak is located at
9524 eV kinetic energy, the energy separation with the first
energy loss peak being 17 eV, which precisely corresponds
to the plasmon excitation energy of silicon; it appears clearly
that the shape and intensity of the inelastic background in
the La 2p3/2 spectra change strongly with the a-Si thickness
and can be used for analysis. Therefore, the loss structure is
due mostly to inelastic scattering events of photoelectrons
travelling through the a-Si overlayer, and the contribution to
the inelastic background of much thinner layers located
below a-Si can be neglected in a first approximation. We
also notice that the first plasmon loss peak has a higher inten-
sity than the main peak, with a further relative increase for
the thicker a-Si capping layer. This is also observed for the
Ti 1s and Hf peaks where the plasmon features actually dom-
inate in the survey spectrum of Fig. 1. The inelastic back-
ground signal is higher than the no-loss peak, it is therefore
of high importance to analyse this particular features, which
present a more intense signal. To go beyond the qualitative
aspects, we have performed a quantitative analysis of the
HAXPES inelastic losses of La using a practical algorithm
following Tougaard’s formalism,4,9 which we briefly recall
the principles of below. The analysis is performed by sub-
tracting, in the measured photoelectron spectrum J(E, X), all
extrinsic contributions to the energy losses due to the
depth-dependent transport of the photoelectron to the surface
detected within the solid angle X. One obtains the purely
intrinsic spectrum F(E0,X) accounting for the energy losses
of the primary photoelectron in the electric field created by
the core-hole which excites the valence electrons. The for-
malism uses the so-called two-step model of photoemission,
assuming the complete decoupling of intrinsic and extrinsic
effects. The latter, including surface excitations, are usually
evaluated in XPS according to bulk cross sections: This
strong assumption is more acceptable in HAXPES due to the
much higher bulk sensitivity. Within this two-steps model,
the measured photoelectron spectrum J(E,X) is expressed as
J E;Xð Þ ¼
ð
dE0FðE0;XÞ 
ð
dsei2pðEE0Þ 
ð
dzf ðzÞezRðsÞcosðhÞ ;
(1)
where F(E0,X) is the intrinsic spectrum without any loss,
(E-E0) is the energy loss (hereafter denoted as T), f(z) is the
concentration of atoms at depth z;
P
(s) describes the sum
over all energy losses T15 and is related to the inelastic scat-
tering cross section K(T) via
X
sð Þ ¼ 1
k

ð1
0
K Tð ÞeisTdT: (2)
K(T) is the probability that an electron will lose an energy T
per unit energy and per unit path length travelled. It has been
shown that K(T) is both sample and energy dependant and
can be computed for metals and their oxides and alloys as a
two- or three-parameter universal cross-section described
elsewhere.9,16,17 It can also be extracted from reflection elec-
tron energy-loss spectroscopy (REELS) measurements using
the QUASES-REELS software.16 In one of the practical
approaches developed originally for the spectral modelling,
and also used here, the extrinsic contributions are removed
with the knowledge of K(T), and the depth distribution f(z)
is changed until a good match between the calculated spec-
trum and the measured spectrum J(E,X) is found over an
energy range between 120 and 40 eV below the no-loss
peak.9 To apply the Tougaard formalism to our HAXPES
spectra, we have first considered suitable values of the
FIG. 1. HAXPES survey spectra measured at h¼ 15 keV on the 50 nm
(red) and 30 nm (black) samples. The inset shows the La2p3/2 transition
along with its energy loss structure. Right: Structure of the gate stack sam-
ples for the thickest a-Si capping layer (50 nm-sample).
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IMFP, which is an input quantity in the spectral modelling.
For a photoelectron of a particular element emitted from a
given buried layer, the effective k is taken as a weighted av-
erage of individual k calculated using the TPP-2M5,10 for-
mula for each of the layers located above, according to their
nominal thicknesses. In the case of La 2p3/2 photoelectrons,
the effective k was thus taken at 15.23 nm and 15.46 nm for
the 30- and 50 nm-sample, respectively.
Next, and more importantly, we considered the critical
influence of the choice of K(T). As pointed out previously,
K(T) varies with energy and the class of the material.16,18 In
contrast to most materials, silicon has a sharp plasmon loss
feature, and, in this particular case, a three-parameter cross-
section is more accurate than the two-parameter universal
cross-section.16 But at the high photoelectron kinetic ener-
gies accessible in HAXPES, we find that it is more accurate
to apply a cross-section derived from REELS measurements
at 10 keV using the QUASES-REELS software.16 Fig. 2
illustrates the result using three different kinds of K(T) func-
tions for the background analysis of the La 2p3/2 loss struc-
ture. In Fig. 2(a), we have first used the two parameter
universal cross-section which does not reproduce at all the
fine structure of the background. Fig. 2(b) shows the result
of the analysis performed with a three-parameter universal
cross section valid for Si. The analysis reproduces well the
first plasmon loss, but the second one is overestimated, and
the third loss feature is underestimated. Furthermore, there is
an energy shift of 2.5 eV between calculation and measure-
ment for the first plasmon energy, whereas the agreement is
perfect for second plasmon. In Fig. 2(c), we have plotted the
result of the analysis performed with a silicon inelastic cross
section derived from REELS measurements at 10 keV, i.e.,
close to the La 2p3/2 photoelectron kinetic energy at
h¼ 15 keV. Clearly, such a cross section enables a much
better account for the fine structures present in the inelastic
background and reproduces quite well the plasmon peaks,
including the first one. This is expected because photoexcita-
tion of the La2p3/2 peak takes place in the La layer, and
therefore, it does not have contributions from intrinsic Si
plasmon excitation. The full intensity at the Si plasmon loss
peak is therefore extrinsic, i.e., it is entirely caused by the
transport of the La2p3/2 spectrum through the a-Si overlayer.
However, theory predicts a matching between measurement
and modelling only between 120 and 40 eV below the
no-loss peak,9 therefore, only this region of interest (as
sketched in Fig. 3) must be taken into account in the
modelling.
In Fig. 3, we present the results of the background analy-
sis, performed in the optimized conditions described above,
of the La 2p3/2 inelastic losses for the two samples. The best
modelling is obtained when experimental and calculated
spectra are best matching over the widest possible energy
range within the region of interest displayed in Fig. 3: This
happens for a buried depth of the top La interface of
416 1 nm and 576 1 nm, respectively, for the 30 nm and
50 nm samples. We have compared our results on the 50 nm
sample first with TEM and also low-energy Auger depth
profiling measurements.13 The position of the top La inter-
face determined by TEM is 55.76 0.2 nm, in good agree-
ment with our data, while Auger shows some intermixing of
the LaOx and HfSiON layers. The robustness and accuracy
of the modelling for the 50 nm sample were checked by
least-square residues v2 increasing by 5% in three situations:
A top interface buried at 59 nm in a similar, 4 nm broad La
distribution; a broader (6 nm); or a shallower (2 nm) La dis-
tribution. Our method is therefore sensitive with a good ac-
curacy to relative changes in shallow depth distributions
within typical buried depths in the 50 nm range. The fittings
of Fig. 3 also show a better match for the 50 nm sample. This
is believed to be due to the approximation in which, with the
choice of the Si scattering cross-section, we neglect the first
TiN layer in the overlayer structure: Thus, for a thinner a-Si
cap (30 nm sample), the effect of the first TiN overlayer is
becoming in proportion more important and affects the fit-
ting. Recent complementary results confirm this.19 From the
depth of the lower La interface obtained by our analysis, we
FIG. 2. HAXPES spectra of the 30 nm sample measured at 15 keV (black).
The calculated background for a 2 nm-thick La layer buried at 41 nm is plot-
ted in red, using: (a) A two parameter universal inelastic cross section; (b) a
three parameter cross section for silicon; and (c) a silicon cross section
derived from REELS measurement at 10 keV. Blue curves represent the
intrinsic HAXPES spectrum after background subtraction.
FIG. 3. Background analysis of the La2p3/2 HAXPES spectrum of the 30 nm
and the 50 nm sample. The blue curve is the subtracted spectrum corre-
sponding to a depth distribution of La extending over 2 nm from a 41 nm
depth for the 30 nm sample and over 4 nm from 57 nm depth for the 50 nm
sample.
051608-3 Risterucci et al. Appl. Phys. Lett. 104, 051608 (2014)
determine a 2 nm (resp. 4 nm) spread of the La depth distri-
bution for the 30 nm (resp. 50 nm) sample. Such a broaden-
ing of the depth distribution compared to the nominal
thicknesses can be partially understood by an intermixing of
LaOx and HfSiON layers, as reported previously by TEM
data20 and also shown by our own TEM and Auger
measurements.13
In conclusion, we have demonstrated an efficient
HAXPES method combining high excitation energy
(15 keV) and improved modelling of the core-level energy
loss features, enabling a probing depth as high as 57 nm with
high sensitivity. The distribution of 1 ML LaOx in a high-j/
metal gate stack capped with 50 nm-thick a-Si is reliably
determined using this approach. The method can be easily
complemented by high-resolution core-level analyses for
chemical states information, as shown in a forthcoming pa-
per. With the development of advanced HAXPES beamlines
worldwide, the method paves the way to accessible bulk sen-
sitivities by photoemission beyond 60 nm.
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